ABSTRACT
Introduction
Iron is an important element in environmental, industrial and medical applications and in biological studies [1] . It presents in a variety of rock and soil minerals in oxidation states 2 and 3 [2] . However, Fe(II) and Fe(III) play different major roles in the biosphere. It is widely accepted that the presence of iron, alone or in combination, has beneficial or deleterious effects on the properties of many substances and the nature of various biological systems. It plays an important role in oxygen and electron transport; provides a fundamental structure of hemoglobin, myoglobin, hemenzymes and many co-factors involved in enzyme activities [3] . In the industrialized world, the iron is the first metal in its usage, and its compounds can justifiably be said to touch our daily lives.
For the human body and other high animals, Fe(II) is not only a key element in energy metabolism, but also crucially important in the transport and storage oxygen in higher animals while Fe(III) was not binding to oxygen [4] . Iron element is crucially important to human health. However, iron deficiency anemia is one of the world's most common nutritional deficiency diseases [5] . Ferrous iron in food and pharmaceuticals could be directly assimilated, while ferric iron must be done after being reduced to ferrous [6] . The importance of Fe(II) in food and pharmaceuticals has sustained an intense interest in the development of selective method determination for Fe (II) . Although there are a number of papers that deal with the total iron in the real samples, only a few have reported the concentration of Fe(II). Recently, analytical techniques developed and described Fe(II) determinations including electron spin resonance method (the method is very expensive and inconvenient in operation) [7] , UV-vis spectrometry [8, 9] , controlled-potential coulometry [10] , high-performance liquid chromatographic method [11] and luminescence analysis [12] , capillary electrophoresis [13] , fluorometric analysis method [14, 15] . Though these methods provide accurate results, but they are not very convenient for the analysis of a large number of environmental samples as they require sample pretreatment and sufficient infrastructure back-up. On the other hand, analytical procedures involving ion sensors are most appropriate for such determinations as they require no or minimum sample pretreatment and are fast, convenient and cheap. Of course analysis by ion sensor requires the availability of sensitive and selective iron sensor. However, these methods require large infrastructure and are too expensive for most analytical laboratories. Thus, much attention has been drawn on developing a convenient method to determine Fe(II) ion.
Electrochemical technique has proven to be a very useful and versatile tool in metal ion speciation, since it makes it possible to distinguish between free and bound ions, as well as their oxidation states [16] . In addition, the sensitivity of the techniques is a very useful feature, because the concentration range to detect the chemical species varies between 1 and up to 1 × 10 −10 mol•L −1 and even lower concentration, for some inorganic, metalorganic, and organic species [17] . Carbon paste electrodes (CPEs) in combination with the suitable electrochemical technique have been shown to be widely applicable in studying heavy metals [18] . The advantages of using CPEs include the fact that they are inexpensive, easy to prepare, they offer a wide potential window and a low background current and in addition, it is easy to modify the electrode with different organic, inorganic, and biological products with the aim of increasing their sensitivity and selectivity in order to determine heavy metals [19, 20] . In the present work, ferrous carbon paste ion selective electrodes are constructed and their performance characteristics are investigated. The electrodes are based on incorporation of the A and B ionophores in a carbon paste plasticized with different plasticizers. The electrodes are used successfully as sensors to determine iron in different pharmaceutical samples (ferro sanol duodenal, folicron and ferrofol).
Experimental

Apparatus
All measurements were carried out at room temperature 25˚C ± 1˚C using a 692-pH meter (Metrohm). A techne circulator thermostat Model C-100 (Cambridge, England) was used to control the temperature of the test solution. The potential was measured under constant stirring of the test solution with respect to a double-junction silversilver chloride reference electrode (Metrohm 6.0726.100) and iron modified carbon paste as the indicator electrode.
Reagents
Analytical reagent grade chemicals and doubly distilled water were used for preparing all aqueous solutions. Solutions were prepared from a stock solution of 0.01 mol•L −1 Fe(II), prepared from a sufficient quantity of ferrous sulphate (Merck) in bi-distilled water. The working solutions were prepared daily by suitable dilution of stock solution. All other solutions used in interference studies were prepared from analytical grade nitrate salts (all from Merck Company). Graphite fine powder extra pure, dioctyl phthalate (DOP), dioctyl sebacate (DOS), tricresyl phosphate (TCP), o-nitrophenyloctyl ether (o-NPOE) were used as received from Aldrich.
Preparation of Ionophores
5,5'-(propane-1,3-diylbis(sulfanediyl))bis(3-benzyl-4H-1, 2,4-triazol-4-amine) and 5,5'-(butane-1,4-diylbis(sulfanediyl))bis(3-benzyl-4H-1,2,4-triazol-4-amine) were prepared according to the method of Elwahy et al. [21, 22] .
The Electrode Preparation
The chemically modified carbon paste Fe(II) electrodes were prepared as described previously [23] . Teflon holder (12 cm length) with a hole at one end (7 mm diameter and 3.5 mm deep) for the carbon paste filling was served as the electrode body. Electrical contact was made with a stainless steel rod through the center of the holder. This rod can move up and down by screw movement to press the paste down when renewal of the electrode surface is needed. Carbon paste was prepared by thoroughly mixing 20 mg of 5,5'-(butane-1,4-diylbis(sulfanediyl))bis(3-benzyl-4H-1,2,4-triazol-4-amine) (ionophore A) or 5,5'-(propane-1,3-diylbis(sulfanediyl))bis(3-benzyl-4H-1,2,4-triazol-4-amine) ((ionophore B) with graphite powder (500 mg) and different plasticizers (0.2 ml of DOP, TCP, DOS or o-NPOE). Very intimate homogenization is then achieved by careful mixing using agate pestle and mortar and afterwards rubbed by intensive pressing with the pestle. The ready prepared paste is then packed into the hole of the electrode bodies and the carbon paste was smoothed onto a wet filter paper until it had a shiny appearance. After several times of use, a fresh electrodes surface can be obtained by squeezing out a small amount of the paste, scrapping off the excess against a conventional paper and polishing the electrode on a smooth paper to obtain a shiny appearance again.
Potential Measurements
All measurements were carried out in a 50 ml double walled glass cell, with constant magnetic stirring of the R. F. AGLAN ET AL. 
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Results and Discussion
Optimization of the Carbon Paste Electrode Composition
Preliminary experiments were carried out to obtain optimum ionophore content (A or B ionophores) in order to get the optimum carbon paste electrodes composition. both carbon paste characteristics. In the presence of the proposed modified electrodes, the optimized carbon paste demonstrated a Nernstian response and remarkable selectivity for ferrous ion over several common inorganic ions. Thus, these electrodes compositions were used for subsequent studies. The potential response of the optimized Fe(II) ions was examined. The average slope of the calibration plot was 30.2 ± 0.5 and 29.1 ± 0.5 mV•decade
for electrodes I and II, respectively. The calibration plots are shown in Figures 2(a) and (b) , which indicate that the modified sensors have linear range from 1 × 10 −7 to 1 × 10 −2 mol•L −1 for both electrodes. The practical limit of detection, defined as the concentration of ferrous ion obtained from the intersection of two extrapolated segments of the calibration graph, was about 1.0 × 10 −7 mol•L −1 for electrodes I and II. The characteristic properties of the optimized paste are summarized in Table 1 . The long term stability of the electrodes was studies by periodically recalibrating in standard solutions and calculating the response slope over the range of 10
. The detection electrodes were very stable and could be used over a period of at least 3 months (Figure 3 ).
Effect of pH
The potentiometric response of the electrodes was found to be sensitive to pH changes. The effect of pH on the electrodes performance was examined over the pH range of 1 -5 at 1 × 10 −2 and 1 × 10 −5 mol•L −1 concentration of Fe(II) and the results are shown in Figures 4(a) and (b) . As can seen, the potentials are independent of pH in the range of 1.8 -3 where the potential did not vary by more than ±1 mV. The significant effect of pH on the electrode potential at pH < 1.8 and pH > 3 is attributed to a slow rate of complex formation between iron(II) and ionophores (A) or (B) and the sensors may also be exhibiting an interference effect due to hydrogen ions at low pH. Whilst at pH values higher than 3, this can be attributed to the instability of both ionophores (A and B) [24] .
Electrode Selectivity
One of the most important characteristic of a carbon paste electrode was its response to the target ion to be measured over other ions and species present in the solution. This characteristic was expressed in terms of the potentiometric-selectivity coefficient. In this study, potentiometric-selectivity coefficients for somecations tested were determined by separate solution method (SSM) [25] . It is calculated as:
E A and E B mean the potentiometric response of a A and a B , respectively. a A is the primary ion activity and a B is the activity of an interfering ion. The single ion activities were calculated by the extended Debye-Hückel equation [26] . In this work, a A (1. Z A and Z B are the charge of the primary and interfering ions, respectively. Also, matched potential method (MPM) was used to measure the selectivity coefficient. 
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for each interferent was calculated using the following equation:
Possible interferences from a number of cations were studied and the results are shown in Table 2 . It is obvious from Table 2 that most of the selectivity coefficients are very low, indicating no significant interference in the performance of the electrodes for determining the Fe(II) ion except for ferric ions for both ferrous electrodes (I and II) modified with ionophores (A and B). In addition, a comparative study of the response characteristics of the proposed electrodes with the reported Fe(II) ion selective electrodes based on other carriers is shown in Table 3 . The results indicate that the proposed electrodes are superior to those reported for Fe(II) ion selective electrodes with regard to the linear range, detection limit, slope and selectivity over a number of cations.
Effect of Temperature
Trend of changes of electrode performance with temperature, at test solution temperatures of 10˚C, 20˚C, 25˚C, 30˚C, 40˚C, 50˚C and 60˚C for Fe(II)-selective electrodes were studied. The electrodes exhibit good Nernstian behaviour in the temperature range. The standard cell po-
, were determined at different temperatures from the respective calibration plots as the intercepts of these plots at p[Fe] = 0, and were used to determine the thermal temperature coefficient (dEº/dt) of the cell with the aid of the following equation [27] ,
produced a straight line of slope equals to 0.000616 and 0.000182 V/˚C for electrode I and II, respectively. These values are the thermal temperature coefficient of electrodes I and II, respectively. The small values of (dEº/dt) cell reveal the high thermal stability of the electrodes within the investigated temperature range.
Effect of Plasticizer
It is well established that the polarity and chemical structure of the electrode plasticizer can have a significant influence on the selectivity and dynamic response range of ISEs [28] . The properties of plasticizer can affect the dielectric constant of the mobility of the ionophores. Thus, different plasticizers (DOP, DOS, o-NPOE and TCP) were used in the construction of Fe(II) ion selective electrodes to figure out the plasticizer with the best This work response. The carbon paste electrodes with o-NPOE as a solvent mediator produced the best response, as shown in Figures 5(a) and (b) . The results, given in Table 1 
Analytical Applications Determination of Fe(II) in Pharmaceutical Preparations
In order to test the analytical validity of this approach, the electrodes have been used for the determination of Fe(II) ion in pharmaceutical samples (ferro sanol duodenal, folicron and ferrofol). Pharmaceutical samples were prepared by dissolving one tablet of the drug in 10 mL HCl and heated to dryness. After that, the sample was dissolved in 10 mL distilled water, filtered and transferred to a 25 mL volumetric flask and this volume was completed with distilled water. The iron concentration of the samples was potentiometrically determined with these electrodes by the calibration plot method. Iron was also determined by atomic absorption spectrometry. The results are shown in Table 4 . Results from ISE and AAS were found in agreement. The low values of the standard deviation and relative standard deviation indicate the accuracy and precision of the electrodes.
Method Validation
Linearity and Range
The calibration graphs obtained by plotting the potential values versus the final concentration were found to be rectilinear over the concentration range cited in Figure 1 . 
Limit of Quantification and Limit of Detection
The limit of quantification (LOQ) was determined by establishing the least concentration that can be measured according to ICH Q2(R1) recommendations, below which is the standard deviation of the intercept of the regression line and (b) is the slope of the calibration curve.
Specificity
The specificity of the method was investigated by observing any interference encountered from the common inorganic cations ( Table 2 ). It was found that these cations did not interfere with the results of the proposed method as shown in Table 2 .
Accuracy and Precision
To prove the accuracy of the proposed method, the results of the assay of the studied Fe(II) in different real samples were compared with the atomic absorption method, the statistical analysis of the results using percent recovery and relative standard deviation values showed no significant differences between them regarding accuracy and precision, Table 4 for electrodes (I and II), respectively. Intra-and inter-day precisions were assessed using three concentrations and four replicates of each concentration, the relative standard deviations were found to be very small indicating reasonable repeatability of the proposed method as shown in Table 5 . 
Conclusion
Carbon paste electrodes were modified with 5,5'-(butane-1,4-diylbis(sulfanediyl))bis(3-benzyl-4H-1,2,4-triazol-4-amine) and 5,5'-(propane-1,3-diylbis(sulfanediyl))bis(3-benzyl-4H-1,2,4-triazol-4-amine) and applied to the potentiometric determination of ferrousion. The calibration curves were obtained, which were linear in the iron concentration range of 10 −7 -10 −2 mol•L −1 with Nernst slopes of 30.2 and 29.1 mV•decade −1 for electrodes I and II, respectively. The two electrodes could be used for more than three months. Before each experiment, the electrodes were polished on a soft paper to remove the polluted surfaces. Some pharmaceutical drugs were used as real samples and successfully determined using electrodes I and II. The application of the potentiometric method using the modified electrodes in the real samples gives quite satisfactory results in comparison with the AAS method. The method was validated under optimum conditions.
